Introduction
============

Systemic administration of BMSCs to regulate the immune response and enhance endogenous regeneration is becoming a new paradigm of BMSC cell therapy. Intravascular injection of BMSCs has proved to be a promising treatment for autoimmune diseases [@B1], [@B2], vascular diseases [@B3], graft *vs.* host disease (GVHD) [@B4] and diabetes [@B5]. Hundreds of clinical trials of BMSC cell therapy are now being carried out world-wide ([www.clinicaltrials.gov](http://www.clinicaltrials.gov)).

A major challenge for BMSC therapy is the low-efficiency in clinical treatment. In most cases, recipients are administered intravascularly with 1 × 10^6^/kg BMSCs. The large quantity of BMSCs leads to a number of issues, such as*in vitro* cell expansion and adverse effects induced by the infused BMSCs. Moreover, some phase Ⅲ clinic trials failed because of the low efficiency of BMSCs [@B6]. Therefore, identifying strategies to improve the therapeutic effect is becoming a crucial issue for BMSC cell therapy.

The majority of previous studies attempted to improve MSC therapy by regulating the biological characteristics of MSCs directly. For example, MSCs were transfected with Akt to promote their survival after infusion, therefore enhancing the therapeutic effect on infarcted heart [@B7]. MSCs were transfected with vasculoprotective gene angiopoietin 1 (ANGPT1) to enhance their effect on preventing LPS-induced acute lung injury [@B8]. MSCs were stimulated with TNF-α to enhance its therapeutic effect on tumors [@B9]. However, because of the limitations of these methods, no practical strategy is available to improve MSC cell therapy in clinic until now.

Notably, recent studies have found incompatible reactions between MSCs and the blood of recipients. MSCs cultured *in vitro* express procoagulant factors such as tissue factor (TF), collagen1A and fibronectin1, which could initiate coagulation cascades when MSCs are infused into blood [@B10], [@B11]. The instant blood-mediated inflammatory reaction induced by systemically infused islet cells and hepatocytes have been reported to compromise transplanted cell survival and function [@B10], suggesting that the incompatible reactions initiated by BMSCs after intravenous infusion have negative effects on MSC cell therapy. Therefore, targeting the factors affecting BMSC cell therapy might be an alternative approach to improve BMSC therapy.

In this study, we aimed to confirm the factors leading to incompatibility between infused BMSCs and the recipient, and explore a strategy to improve MSC cell therapy by targeting the adverse reactions.

Methods
=======

Animal experiments
------------------

All animal experiments were approved by the Animal Use and Care Committee of the Fourth Military Medical University (Xi\'an, China) (License Number: 2012 KQ-031). All animal procedures were performed according to the guidelines of the Animal Care Committee of the Fourth Military Medical University, which meet the NIH guidelines for the care and use of laboratory animals. Female C57BL/6J mice (eight weeks old, 24.8 ± 3.5 g) and female mountain goats (3.2 ± 0.6 years old, 59.3±7.3 kg) were purchased from the Animal Center of the Fourth Military Medical University. All mice were housed under specific pathogen-free conditions (22°C, 12-hour light/12-hour dark cycles, and 50%-55% humidity) with free access to food pellets and tap water. The goats were housed in pens and had free access to food and water.

Cell culture
------------

Mouse BMSCs were isolated from hind limbs and cultured as previously described [@B12]. Briefly, after euthanasia by intraperitoneal injection of 300mg/kg pentobarbital sodium, the mice were sacrificed by cervical dislocation. The hind limbs were removed aseptically and bones were dissected free of soft tissues. Marrow cavities of both the femur and tibia were flushed with α-MEM using a 1 ml injector with (Gibco, Gaithersburg, MD, USA) supplemented with 20% fetal bovine serum (FBS) (Sijiqing, Hangzhou, China), 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA). The cell suspension was seeded in 10-cm tissue culture dishes and incubated in a humidified atmosphere of 5% CO~2~ at 37°C. The medium was changed every 2-3 days to remove non-adherent cells, and the adherent cells were cultured until confluent.

Human bone marrow samples were collected from five healthy female volunteers aged 42.4 ± 2.4 years with informed consent of the donors following the guidelines of the Ethics Committee of the University of the Fourth Military Medical University. Human BMSCs (hBMSCs) were isolated using monocyte separation medium (Sigma). Isolated monocytes were cultured in 90-mm dishes containing α-MEM (Gibco) supplemented with 10% FBS (Sijiqing) until confluent.

Goat BMSCs (gBMSCs) were isolated from the bone marrow of goat ilium using monocyte separation medium (Sigma), and cultured following the protocols of hBMSC culture.

All cultured BMSCs underwent routine characterization before use in subsequent experiments. BMSCs used in our study were positive for mesenchymal stem cells markers and negative for hematopoietic cell markers, and showed potent of self-renewal and multipotent differentiation. BMSCs at 4-6 passages were used in most of the experiments.

Intravenous injection of BMSCs
------------------------------

For BMSC injection, BMSCs digested with 0.25% trypsin were washed with PBS twice and resuspended in saline. The cell suspension was filtered through a 150μm mesh strainer and a 75μm mesh strainer, counted using a cell counting plate, and diluted to the designated concentration. For BMSC infusion in mice, the designated number of cells suspended in 1ml saline was slowly injected *via* the tail vein at 1 ml/min. For BMSC infusion in goats, a gBMSCs suspension (1×10^6^/ml) was injected *via* the jugular vein at a final concentration of 1×10^6^/kg. The infusion velocity was 5 ml/min in the goat experiment.

Systemic acute toxicity test of BMSCs
-------------------------------------

To determine the acute toxicity of BMSCs, 54 C57BL/6J mice (24.83 ± 3.51 g) were equally and randomly divided into nine groups. According to the clinical dosage (1×10^6^/kg), 2.5×10^4^ mBMSCs were used as the basal dosage. After 2.5×10^4^ mBMSCs injection, the mice were observed for 30 min to evaluate the acute toxicity. If no severe adverse effect was observed, the dose of BMSCs was doubled for the next group. According to this protocol, the dosage of BMSCs was gradually increased until the absolute lethal dose (LD~100~) was reached.

Histological analysis
---------------------

Mice were sacrificed 10 min after injection of 4×10^6^ BMSCs or an equal volume of PBS. After opening the chest, the aorta was perfused with saline to wash out the blood, and then the mouse was instilled with 10% formalin. The lungs, hearts, livers, kidneys and spleens were removed and immersed in 10% formalin for 24 h. All organs were embedded in paraffin and cut into 5 mm sections. The sections were then deparaffinized and stained with hematoxylin and eosin (H&E) following standard protocols. Thrombosis formation in the vasculature was observed under a microscope. Photographs were taken under 40× magnification of five consecutive microscopic fields, and the thrombosis number per visual field was measured.

BMSC migration assay
--------------------

To detect the migration of injected BMSCs *in vivo*, BMSCs were labeled with 5 μg/ml Hoechst 33342 (Sigma) for 2 h before injection. After BMSC administration, mice were sacrificed at specific times. To detect BMSC in circulation, mouse blood was collected through the angular vein and the red blood cells were eliminated using red blood cell lysis buffer (Sigma, USA). Hoechst^+^ cells in blood were detected by flow cytometry (FCM). To detect BMSC migration into internal organs, the organs were isolated and fixed immediately with 4% paraformaldehyde for 24 h and dehydrated with 10% sucrose solution for 24 h. The organs were then embedded in optimum cutting temperature compound (Sakura, USA) and sectioned at 10 μm with a freezing microtome (Leica, Wetzlar, Germany). Sections were examined under a fluorescence microscope (Olympus Optical, Tokyo, Japan) to detect Hoechst-labeled BMSCs. Photos were taken under 20× magnification on five consecutive microscopic fields. The number of labeled cells in photos was measured using Image Pro Plus 6.0 Software (Media Cybernetics, Rockville, MD, USA).

Homeostasis analysis
--------------------

Mouse blood was isolated via the angular vein under anesthesia, while goat blood was isolated via the jugular vein after BMSC injection. For coagulation analysis, 1-2 ml of whole blood was anticoagulated with 0.1 volume of 3.8% sodium citrate (Sigma). Plasma was isolated by centrifugation at 1500 rpm for 5 min. Prothrombin time (PT), activated partial thromboplastin time (APTT), Factor VIII (FVIII) and fibrinogen (Fbg) were detected automatically using an automated blood coagulation analysis system (Siemens, Munich, Germany) according to the manufacturer\'s protocols. Notably, values of PT or APTT larger than the detection range of the coagulation analyzer were recorded as "120 sec" or "180 sec", respectively.

Hematological analysis
----------------------

For hematological analysis, citrated whole blood was analyzed using an automatic hematology analyzer (Sysmex, Kobe, Japan), following standard protocols. Red blood cells (RBCs), white blood cells (WBCs), platelets and hemoglobin were quantified automatically.

*In vitro* analysis of procoagulant activity of BMSCs
-----------------------------------------------------

To determine the procoagulant activity of BMSCs *in vitro*, whole blood collected from mice, goats or healthy human volunteers were anticoagulated with 3.8% sodium citrate. mBMSCs, gBMSCs and hBMSCs were digested with trypsin, washed twice with PBS and resuspended at a final concentration of 5×10^5^ cells/ml in PBS. BMSC\'s procoagulant activity was determined by mixing 10 μl of cell suspension, 90 μl of allogenic blood, and 7 μl of CaCl~2~ (0.2 M), and measuring the time of clot formation. An equal volume of PBS mixed with blood and CaCl~2~ was used as the vehicle control.

Flow cytometry analysis of TF
-----------------------------

For FCM analysis, P2 and P12 mBMSCs were digested with trypsin and washed with PBS twice. 1×10^6^ BMSCs were stained with a primary antibody against TF (USCN, Houston, TX, USA, PA524Mu01, 1:1000) for 2 h and with FITC-conjugated secondary antibody (CWbiotech, CW0114, 1:1000) for 1 h. Expression of TF in BMSCs was analyzed using an Elite ESP flow cytometry (Beckman Coulter, Fullerton, CA, USA), according to the manufacturer\'s instructions.

Real-time RT-PCR
----------------

Real-time reverse transcription polymerase chain reaction (RT-PCR) of mRNA was performed as previously reported [@B13]. In brief, total RNA of P2 and P12 mBMSCs was isolated using the Trizol reagent (Invitrogen). Random-primed cDNA was synthesized from 1 mg of RNA using an RT reagent kit (Takara, Dalian, China). Real-time PCR analysis was performed using a SYBR Premix Ex Taq II kit (Takara) and detected on the Bio-rad sequence detection system (Bio-rad, Hercules, CA, USA).

The primers for TF were:

Forward: 5′-AACGTGGTTGTAAAAGACTCACT-3′;

Reverse: 5′-GCTTGAGCCTTTCCGATAAGTAA-3′;

Primers for β-actin:

Forward: 5′-CTGGCACCACACCTTCTACA-3′; Reverse: 5′- GGTACGACCAGAGGCATACA-3′.

Western blotting
----------------

Western blotting was performed as described previously [@B13]. Primary antibodies for mouse TF (USCN, PA524Mu01, 1:1000) and β-actin (CWbiotech, CW0096A, 1:4000) were used in this study. β-actin was used as the loading control.

BMSC therapy for experimental colitis
-------------------------------------

Inflammatory colitis was induced in C57BL/6 mice by feeding them with 3% dextran sulfate sodium salt (DSS) (MP Biomedicals, Irvine, CA, USA) in water for 13 days [@B14]. At day 3, 1×10^6^BMSCs suspended in 1 ml PBS were injected into colitis mice*via*the tail vein. Mice administered with 1 ml PBS were used as the positive control for colitis. All mice were monitored daily for the occurrence of body weight change, diarrhea, fecal bleeding and death. Ten days later, the colons of the mice were harvested and their lengths recorded. For histopathological analysis, colon segments were embedded, sectioned and stained with H & E. The disease index and histological score were assessed according to previously published criteria [@B15].

Heparin pretreatment of BMSCs for cytotherapy
---------------------------------------------

For heparin pretreatment, BMSCs were cultured in culture medium containing 4U/ml heparin sodium (Tianjin Biochem Pharmaceutical Co, Tianjin, China) for 12 h. BMSCs were then washed with PBS twice to remove residual heparin and digested with trypsin for cell therapy.

Statistical analysis
--------------------

Data were analyzed using SPSS 19.0 ([www.ibm.com/software/analytics/spss](http://www.ibm.com/software/analytics/spss)) or GraphPad 6 (<http://www.graphpad.com>). Continuous data (mean ± SD) were compared using Student\'s*t* test where two groups were compared, and parametric or non-parametric analysis of variance (ANOVA) where more than two groups were compared. Survival was analyzed by the Log-rank (Mantel-Cox) test. Significance was confirmed at *P*\<0.05. No statistical method was used to predetermine the sample size. The experiments were randomized. The investigators were not blinded to the allocation during experiments and outcome assessment.

Results
=======

Intravenous infused mBMSCs induce coagulation reaction in blood
---------------------------------------------------------------

To explore whether infused BMSCs are compatible with the recipient, we injected 2.5×10^4^ cells/mouse (1×10^6^ cells/kg) as basal dosage *via* the tail vein into mice and gradually increased the dose. Consistent with most animal tests [@B16], less than 1×10^6^ mBMSCs caused no obvious acute symptom in mice (Table [1](#T1){ref-type="table"}). However, 3×10^6^mBMSCs induced a number of severe symptoms, including dyspnea, cyanosis, tetraplegia, coolness of the extremities and exophthalmos, indicating respiratory and circulatory failure. Half of mice died within 3-50 min. The incidence of severe adverse effects was increased to 100% after infusion of 4×10^6^ mBMSCs (Table [1](#T1){ref-type="table"}). The different numbers of mBMSCs were suspended in a final volume of 1 ml, we explored whether the adverse effect is related to the high concentration of the cell suspension. By injecting different concentration of mBMSCs suspensions, we confirmed that it was the total cell number, not the concentration, which determined the acute adverse effects (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}).

We performed histological examinations to explore the cause of BMSC-induced respiratory and circulatory failure. H&E staining showed marked micro-thrombus formation in microvessels and arterioles of the lung 10 min after 4×10^6^ mBMSCs infusion (Figure [1](#F1){ref-type="fig"}A and B). Moreover, micro-thrombi were also formed in the heart (Figure [1](#F1){ref-type="fig"}C), liver (Figure [1](#F1){ref-type="fig"}D), kidney (Figure [1](#F1){ref-type="fig"}C) and spleen (Figure [1](#F1){ref-type="fig"}F). To further confirm that BMSCs are involved in thrombosis, we marked mBMSCs by Hoechst staining before injection. Fluorescence analysis showed that Hoechst^+^ Cells were found in the micro-thrombus in the microvessels (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}A) and arterioles (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}B) of the lung.

To confirm that BMSCs induce coagulation, we performed hemostasis analysis after BMSC infusion. Platelet numbers were significantly decreased after mBMSCs infusion, in a concentration-dependent manner (Figure [2](#F2){ref-type="fig"}A), whereas RBCs, WBCs and hemoglobin (HGB) levels were not affected by mBMSCs (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). Moreover, mBMSCs (≥1×10^6^) infusion resulted in a significant elongation of PT and APTT, and a decrease in FVIII and Fbg within 10 min (Figure [2](#F2){ref-type="fig"}B). Notably, infusion of a lethal dose of mBMSCs decreased platelet levels by over 80% (Figure [2](#F2){ref-type="fig"}A), prolonged the PT and APTT beyond the measurement range of the coagulation analyzer, and decreased the Fbg and FVIII levels by 90% (Figure [2](#F2){ref-type="fig"}B), indicating extreme exhaustion of coagulation factors. Continued examination confirmed that the rate of coagulation was positively associated with cell dosage (Figure [2](#F2){ref-type="fig"}C). 1×10^5^mBMSCs were sufficient to induce a mild coagulation reaction (Figure [2](#F2){ref-type="fig"}A-C).

Procoagulant activity of cultured BMSCs is conserved among species
------------------------------------------------------------------

To further confirm that BMSCs of other species possess procoagulant activity, we examined the procoagulant activity of hBMSCs and gBMSCs. Similar to mBMSCs, large doses of hBMSCs and gBMSCs induced symptoms of respiratory and circulatory failure (Table [2](#T2){ref-type="table"}) and systemic coagulation in mice (Figure [3](#F3){ref-type="fig"}A). Both hBMSCs and gBMSCs significantly shortened the clotting time of homogenous plasma, ruling out a heterogeneous coagulation reaction (Figure [3](#F3){ref-type="fig"}B).

To confirm whether a clinical dose of BMSCs induces coagulation in large animals, we intravenously injected 1×10^6^/kg gBMSCs, a dosage usually used in clinical therapy, into goats. Hemostasis analysis confirmed that 1×10^6^/kg gBMSCs induced hypercoagulable states within 2 h, as shown by increased PT and decreased Fbg and FVIII (Figure [3](#F3){ref-type="fig"}C). No severe symptoms were observed in goats receiving gBMSCs injection, and the hypercoagulability gradually recovered with 24 h (Figure [3](#F3){ref-type="fig"}C).

We also compared the procoagulant activity of BMSCs cultured for different passages. The coagulation assay showed that the procoagulant activity increased during the expansion of mBMSCs, gBMSCs and hBMSCs *in vitro*(Figure [3](#F3){ref-type="fig"}E and F, Table [2](#T2){ref-type="table"}), suggesting that *in vitro* culture triggers the procoagulant activity of BMSCs.

mBMSCs induce coagulation directly through Tissue Factor (TF)
-------------------------------------------------------------

We then investigated the mechanism by which BMSCs activate coagulation. The above coagulation assay showed that infusion of a small dose of mBMSCs affected the PT but not the APTT (Figure [2](#F2){ref-type="fig"}B and C), suggesting BMSCs activated mainly the extrinsic coagulation pathway. Tissue Factor (TF, also known as coagulation factor III) is the primary initiator of the extrinsic coagulation cascade [@B17], and has been reported to be expressed in human ADSCs and BMSCs [@B10], [@B11], [@B18]. FCM, real-time RT-PCR and western blotting confirmed that mBMSCs expressed TF (Figure [3](#F3){ref-type="fig"}G-I). Inhibition of TF function using a tissue factor pathway inhibitor (TFPI) significantly prevented mBMSC-induced coagulation (Figure [3](#F3){ref-type="fig"}J). Moreover, the levels of TF significantly increased during mBMSC passaging, which was in accordance with the enhanced procoagulant activity of BMSCs during *in vitro* culture. (Figure [3](#F3){ref-type="fig"}G-I). The procoagulant activity of long-term cultured mBMSCs was largely inhibited by TFPI (Figure [3](#F3){ref-type="fig"}J), suggesting that *in vitro* cultures increase TF expression to enhance the procoagulant activity of BMSCs.

Heparin prevents efficiently the coagulation reaction of BMSCs after intravenous infusion
-----------------------------------------------------------------------------------------

We investigated whether anticoagulant treatment could prevent the adverse effect of mBMSC infusion. Heparin, a strong anticoagulant, is the first-choice drug for disseminated intravascular coagulation (DIC) in the clinic. Therefore, we chose heparin to prevent the coagulation reaction after BMSCs infusion. Hemostasis analysis confirmed that heparin (4 U/ml) strongly inhibited the BMSC-induced coagulation reaction *in vitro* (Figure [4](#F4){ref-type="fig"}A). As expected, either pre-injection of heparin (400 U/kg) or injection of heparin (400 U/kg) with mBMSCs completely prevented all symptoms of respiratory and circulatory failure in mice that received 4×10^6^ or 8×10^6^mBMSCs injection (Table [3](#T3){ref-type="table"}). 1.6×10^7^BMMSCs were needed to induce 100% mortality after heparin treatment (Table [3](#T3){ref-type="table"}), indicating that heparin treatment strongly inhibits coagulation and the thrombosis induced by high doses of BMSC administered *in vivo*. Furthermore, heparin treatment also largely prevented the adverse effect of long-term cultured BMSCs (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}). Real-time RT-PCR analysis confirmed that heparin did not directly suppress the expression of TF in BMSCs (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}), suggesting that heparin functioned through blocking TF-induced coagulation.

Anticoagulant treatment enhances the survival and distribution of BMSCs to target organs
----------------------------------------------------------------------------------------

Infusion with a clinical dose of BMSCs induced mild and reversible coagulation (Figure [2](#F2){ref-type="fig"}A-C, 3C); therefore, we questioned whether this reaction affects BMSC cell therapy. Coagulation might hinder the distribution and accelerate the clearance of exogenous BMSCs [@B19], [@B20]. Accordingly, 400 U/kg heparin treatment significantly increased the level of exogenous mBMSCs in the blood (Figure [4](#F4){ref-type="fig"}B), liver, colon and spleen (Figure [4](#F4){ref-type="fig"}C), while it decreased the number of mBMSCs in the lung (Figure [4](#F4){ref-type="fig"}C). To examine whether anticoagulant treatment enhances BMSCs maintenance in pathological conditions, we used an experimental colitis mouse model, a widely used inflammatory disease model. Hoechst-labeled BMSCs were infused with or without heparin into colitis mice. Histological analysis confirmed that heparin treatment significantly promoted mBMSC migration and maintenance in the colons and mesenteric lymph nodes (MLN) of the colitis mice (Figure [4](#F4){ref-type="fig"}D and E).

Heparin treatment promotes the therapeutic effect of BMSC immune therapy
------------------------------------------------------------------------

Sufficient migration and maintenance are crucial for the success of BMSC cell therapy [@B21], [@B22]; therefore, we explored whether heparin treatment improves the therapeutic effect of BMSC cell therapy on inflammatory colitis. mBMSCs infusion alleviated the mortality and body weight loss of experimental colitis mice compared with PBS injection group (Figure [5](#F5){ref-type="fig"}A, B). Ten days after treatment, analysis of symptoms confirmed that heparin treatment significantly improved the therapeutic effect of mBMSCs, as shown by reduced mortality, body weight loss and disease index compared with the PBS+BMSCs group (Figure [5](#F5){ref-type="fig"}A-C). Histological analysis revealed that heparin treatment improved the effect of mBMSCs in preventing colon inflammation and tissue injury (Figure [5](#F5){ref-type="fig"}D, E). Accordingly, FCM showed that heparin treatment promoted BMSCs\' property of suppressing T cells in the blood and mesenteric lymph nodes (Figure [5](#F5){ref-type="fig"}F-H).

To rule out the possibility that heparin directly suppresses the immune reaction, we injected heparin alone into colitis mice and found no improvement compared with the PBS injection group (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}A-F). To rule out the possibility that heparin directly improves immunoregulatory properties of BMSCs, we also precultured mBMSCs with heparin before cell therapy. As expected, mBMSCs cultured with heparin showed similar effects on colitis treatment as untreated mBMSCs (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}A-F).

In conclusion, our results revealed that *in vitro* cultured BMSCs possess procoagulant activity. Injection of a clinical dose of BMSCs induced a mild coagulant reaction, which reduced the migration and maintenance of BMSCs during cell therapy. Importantly, anticoagulation treatment is an effective strategy to prevent the BMSC-induced coagulation reaction and improve the therapeutic effect of BMSC cell therapy, indicating the necessity and importance of anticoagulation treatment in BMSC cell therapy.

Discussion
==========

A number of strategies have been applied to improve BMSC cell therapy. Most of these strategies have focused on promoting the cellular properties of BMSCs. For example, certain genes were transfected into BMSCs to overexpress key regulators of cell therapy. In this study, we proposed a novel strategy to improve cell therapy by preventing the incompatible reaction between BMSCs and recipients. We found that heparin treatment could promote BMSCs migration and survival to the target organ efficiently, resulting in an improved therapeutic effect. Compared with previous strategies, our method has a number of advantages. First, our method does not change the biological characteristics of the BMSCs, which avoids the potential side effect of changes to BMSCs. Second, heparin is used widely and is much safer than molecular regulation methods. Third, heparin treatment improved not only the therapeutic effect, but also the safety of BMSC cell therapy. Fourth, our method could be combined with other strategies targeting BMSCs to promote MSC cell therapy.

Researchers hold high promise for BMSC cell therapy partly because BMSCs are considered as "safe cells" [@B16]. However, in most clinical cases, 1-2×10^6^/kg BMSCs were administered intravenously into patients within a short time [@B23], [@B24]. Such a large amount of exogenous cells would be expected to induce wide reactions beyond the therapeutic effect in the recipients [@B16]. Increasing numbers of studies have disclosed that BMSC injection induces a number of acute adverse events, including fever [@B16], instant blood-mediated inflammatory reaction [@B10], microvascular embolism [@B19], [@B20], [@B25] and impaired heart function [@B26]-[@B28]. Notably, two recent cases of sudden death caused by lung embolism after MSC infusion focused worldwide attention on the acute toxicity of MSCs [@B29], [@B30]. In this study, we observed that injection of a clinical dose of BMSCs also induced mild and reversible coagulation, which would usually be ignored in clinic trials. Notably, infusion of a large dose of BMSCs induced severe symptoms of respiratory and circulatory failure. Although more convincing clinical data are necessary to confirm that BMSCs induce coagulation, our findings suggested that preventative measures are necessary to ensure the safety of BMSC cell therapy.

It was presumed that the coagulation reaction would increase BMSC obstruction in the lung and accelerate BMSC elimination, which prompted us to investigate the effect of anti-coagulant treatment on BMSC therapy. We found that anticoagulant treatment increased the number of BMSCs in the blood, colon, mesenteric lymph node, liver and heart, while it decreased BMSCs in the lung. Moreover, heparin treatment improved the distribution of BMSCs to the target organ in an experimental colitis mouse model. These findings indicated that more BMSCs could penetrate through lung capillary network and distribute to other organs after the coagulation reaction was prevented. BMSC migration and maintenance are the preconditions for successful cell therapy; therefore, our strategy might be a useful method to improve BMSC cell therapy for various diseases.

Heparin is the top choice for the clinical treatment of disseminated intravascular coagulation. Stephenne and colleagues found that anticoagulants such as heparin and bivalirudin inhibit potently the procoagulant activity of human adult liver-derived mesenchymal progenitor cells *in vitro* [@B31]. Gleeson and colleagues reported that heparin improved the safety of BMSCs infusion *via* the coronary artery for heart infarction [@B18]. In this study, we also found that heparin was inhibited BMSC-induced coagulation potently. Either pretreatment or co-administration with heparin prevented efficiently most of the acute adverse effect of infusion with a large dose of BMSCs. Notably, the absolute lethal dose was increased by four times after heparin treatment, indicating that heparin is an ideal drug to prevent the adverse effect induced by BMSCs.

Safety and efficacy are two essential factors to be considered for clinical treatment. Generally, a larger dose could achieve higher efficacy but increase the risk of side effects. Our data showed that infusion with a large dose of BMSCs infusion induced severe side effects, suggesting it is not feasible to enhance the therapeutic effect by increasing the dose. In our study, we found that heparin treatment improved both safety and therapeutic effect of BMSC therapy. Accordingly, a recent study showed that heparin reduced thrombosis and improved heart infarct after acute intracoronary MSC delivery in acute myocardial infarction [@B18]. These results suggested that the effect of anticoagulation treatment is universal for both local and systemic infusion of MSCs. Heparin is a widely used, safe drug; therefore, our strategy is practical to improve BMSC cell therapy in the clinic.

Supplementary Material {#SM0}
======================

###### 

Supplementary tables and figures.

###### 

Click here for additional data file.

This work was supported by grants from the Nature Science Foundation of China 81470710 (to Y.J.), 31030033 (to Y.J.), 81470679 (to Z.D.), and the National Major Scientific Research Program of China 2011CB964700 (to Y.J.).

Authorship Contributions
========================

Y.J., Z.D., and L.L. designed the study. L.L., B.S., H.C., X.S., L.Z. and C.B. performed experiments and collected the data. Y.J., Z.D., L.L., B.S., H.C., X.S., Y.S. and X.D. analyzed the data. Y.J., Z.D., and L.L. wrote the manuscript.

**Dr. Yan Jin** is the professor and director of the research and development center of tissue engineering of Fourth Military Medical University, deputy direct of State Key Laboratory of Military Stomatology, Director-general of Collaborative innovation center of tissue engineering and regenerative medicine, leader of Innovative Research Team in University of Ministry of Education of China, director of maxillofacial repair and regeneration engineering center of Ministry of Education of China. His research focuses on the role of stem cells in degenerative diseases, application of stem cells in regenerative medicine, and tissue engineering of skin, cornea and bone. He has published more than 130 articles in SCI journals and rewarded the first prize of national scientific and technological progress award of China.

**Dr. Zhihong Deng** is the professor of the Department of Otolaryngology, Xijing Hospital, Fourth Military Medical University, Xi\'an, Shaanxi, China. Her research focuses on the role of mesenchymal stem cells in pharyngolaryngeal diseases and tissue regeneration. She proved the existence of mesenchymal stem cells in laryngeal mucosa and confirmed their role in vocal fold regeneration. She also found several strategies of tissue engineering for mucosa and skin repair.

**Dr. Li Liao** received his doctor degree in the Fourth Military Medical University. His research focuses on the role of mesenchymal stem cell in age-related bone diseases and application of stem cells in disease treatment. He found that abnormal expression of microRNA lead to dysfunction of mesenchymal stem cells during osteoporosis and proposed a number of strategies to improve stem cell-based cytotherapy. He has coauthored over 15 publications including *Theranostics*, *Stem cells*, *Molecular Therapy*, and *FASEB J*.

![**mBMSCs infusion induces disseminated intravascular coagulation *in vivo*.**H&E staining of lung (**A**and**B**), heart (**C**), liver (**D**), kidney (**E**) and spleen (**F**) of mice 10 min after PBS or 4×10^6^ mBMSCs infusion. Representative images are shown. Note that the images at the bottom are higher magnifications of the black-boxed regions at the top. Scale bar, 200 μm. The number of thrombi (indicated with black arrows) per visual field in each organ was calculated under a microscope. *n*=5. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 versus PBS group (*t*-test).](thnov07p0106g001){#F1}

![**mBMSCs infusion induces acute coagulation *in vivo*. A,** Platelet number in blood isolated from mice 10 min after different number of mBMSCs injection. *n*=5. **B**, Hemostasis analysis of blood plasma of mice injected with different number of mBMSCs for 10 min.*n*=5. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 versus 0 mBMSC group (PBS injection as vehicle control) (ANOVA). \#, indicates that the value was lower than the measurement range of the analyzer. **C**, Hemostasis analysis of blood plasma isolated at different time points from mice injected with mBMSCs. *n*=5. Data shown as mean ± SD.](thnov07p0106g002){#F2}

![**Long term *in vitro* expansion enhances procoagulant activity of BMSCs of different species. A,** Hemostasis analysis of mice 10 min after PBS, 2×10^6^ hBMSCs or 2×10^6^ gBMSCs infusion. *n*=4. \*\*P\<0.01, \*\*\*P\<0.001 versus PBS group (ANOVA). **B,** Clotting time of human serum and goat serum mixed with PBS or 1×10^5^homogenous BMSCs *in vitro*. *n*=4. \*\*\*P\<0.001 (t-test).**C,** Hemostasis analysis of goats at different time points after 1×10^6^/kg gBMSCs infusion. The value of each index was normalized to the values before gBMSCs infusion (0 h). *n*=5. \*\**P\<*0.01, \*\*\**P\<*0.001 versus 0 h group (ANOVA). **D,** Clotting time of mouse serum mixed with different doses of mBMSCs *in vitro*. *n*=3. \**P\<*0.05, \*\*\**P\<*0.001 versus 0 mBMSC group (ANOVA). **E,** Clotting time of mouse serum mixed with PBS, 1×10^5^P2 or P12 mBMSCs *in vitro*. *n*=5. \*\*\**P\<*0.001 versus PBS group (ANOVA). **F,** Hemostasis analysis of blood isolated from mice 10 min after 2×10^6^ P6/P12 gBMSCs or hBMSCs injection. *n*=4. \**P\<*0.05, \*\**P\<*0.01, \*\*\**P\<*0.001 (*t*-test). **G,** Realtime RT-PCR analysis of TF mRNA levels in P2 or P12 mBMSCs. *n*=3. \*\*\**P\<*0.001 (t-test). **H,** Western blotting of TF protein levels in P2 or P12 mBMSCs. β-actin was used as the loading control. The gray levels of blots were quantified using Image J software.*n*=3. \*\**P\<*0.01 (t-test). **I,** FCM analysis of TF expression in P2 or P12 mBMSCs. *n*=3. \*\*\**P\<*0.001 (t-test).**J,** Clotting time of mouse serum mixed with 1×10^5^mBMSCs (P2 or P12) alone or mBMSCs combined with 400ng TFPI. *n*=4. \**P\<*0.05, \*\**P\<*0.01 (ANOVA). Data shown as mean ± SD.](thnov07p0106g003){#F3}

![**Heparin treatment improves mBMSCs maintenance and migration. A,**Clotting time of mouse serum mixed with mBMSCs and PBS or heparin (4 U/ml) *in vitro*. n=3. \*\*\*P\<0.001 (*t*-test). **B** and **C**, Hoechst-labeled mBMSCs (1×10^6^) alone or combined with 400 U/kg Heparin were injected into mice *via* tail vein. The mice were sacrificed after 24 h. Hoechst^+^ cells in blood were detected by FCM (**B**), and Hoechst^+^ cells in several organs were detected by fluorescence microscopy (**C**). n=5. \**P\<*0.05, \*\**P\<*0.01 (*t*-test). **D**and**E**, Mice were fed with drinking water containing 3% DSS for 14 days. At the third day, Hoechst-labeled 1×10^6^ mBMSCs alone or combined with 400 U/kg Heparin were injected into the mice *via* tail vein. The migration of mBMSCs to the colon (**D**) and mesenteric lymph node (**E**), at 2 or 24 h after BMSC injection, was analyzed using fluorescence microscopy. n=4 \**P\<*0.05, \*\**P\<*0.01. (*t*-test).](thnov07p0106g004){#F4}

![**Heparin treatment improves BMSC cell therapy of experimental colitis.**Mice were injected with 1×10^6^ mBMSCs, alone or combined with Heparin (400 u/kg) into the mice *via* tail vein at day 3 of DSS feeding. **A,**Body weight was recorded daily for 10 days. The body weight of each mouse was normalized by its weight at day 0. *n*=7. \**P\<*0.05 versus DSS+MSC group at critical day (*t*-test). **B,** Mortality of mice was recorded for 14 days. *n*=10. \**P\<*0.05 versus DSS+MSC group (Log-rank (Mantel-Cox) test). **C,** Disease index was measured at day 10 of DSS feeding. *n*=5. \**P\<*0.05 (*t*-test). **D,** Colons of each group were collected after 10 days and their lengths were measured. *n*=5. \**P\<*0.05. (*t*-test). **E,** Histological structure of the colon was detected by H&E staining, and the histological score was measured. Representative images are shown. The images at the bottom are higher magnifications of the images at the top. Scale bar, 200 μm. *n*=5. \**P\<*0.05 (*t*-test). **F,** CD3^+^ T cells percentage in the spleen and MLN were analyzed by flow cytometry. *n*=4. \**P\<*0.05 (*t*-test). **G,** Cell cycle of CD3^+^ T cells was analyzed by flow cytometry. *n*=5. \**P\<*0.0 (*t*-test). **H,** Apoptosis of CD3^+^ T cells was analyzed by flow cytometry. *n*=5. \**P\<*0.05 (*t*-test). Data shown as mean ± SD.](thnov07p0106g005){#F5}

###### 

Acute adverse symptoms of mice injected with different dosages of mBMSCs.

                            PBS   mBMSCs                                       
  ------------------------- ----- -------- --- --- --- --- --------- --------- --------
  Dyspnea                   0     0        0   0   0   0   2(33.3)   6(100)    6(100)
  Cyanosis                  0     0        0   0   0   0   1(16.7)   6(100)    6(100)
  Slow response             0     0        0   0   0   0   1(16.7)   5(83.3)   6(100)
  Exophthalmus              0     0        0   0   0   0   0         3(50)     6(100)
  Tetraplegia               0     0        0   0   0   0   0         4(66.7)   6(100)
  Coolness of extremities   0     0        0   0   0   0   0         5(83.3)   6(100)
  Mortality                 0     0        0   0   0   0   0         3(50)     6(100)

Data are shown as n (%).

###### 

Mortality of mice injected with different generations of mBMSCs, gBMSCs and hBMSCs.

           P2 BMSCs   P6 BMSCs   P12 BMSCs                                               
  -------- ---------- ---------- ----------- ------- -------- -------- -------- -------- --------
  mBMSCs   0          0          1(25)       0       2(50)    4(100)   4(100)   4(100)   4(100)
  gBMSCs   0          0          0(0)        0       1(25)    3(75)    4(100)   4(100)   4(100)
  hBMSCs   0          0          2(50)       2(50)   4(100)   4(100)   4(100)   4(100)   4(100)

Data are shown as n (%).

###### 

Acute symptoms of mice injected with different dosages of mBMSCs and heparin.

                            PBS   Heparin pre-injection+mBMSCs   Heparin combined with mBMSCs                                           
  ------------------------- ----- ------------------------------ ------------------------------ --------- -------- --- ------- -------- --------
  Dyspnea                   0     0                              2(33.3)                        5(83.3)   6(100)   0   2(50)   4(100)   4(100)
  Cyanosis                  0     0                              0                              4(66.7)   6(100)   0   0       3(75)    4(100)
  Slow response             0     0                              0                              4(66.7)   6(100)   0   0       4(100)   4(100)
  Exophthalmus              0     0                              0                              3(50)     6(100)   0   0       2(50)    4(100)
  Tetraplegia               0     0                              0                              3(50)     6(100)   0   0       3(75)    4(100)
  Coolness of extremities   0     0                              0                              3(50)     6(100)   0   0       3(75)    4(100)
  Mortality                 0     0                              0                              3(50)     6(100)   0   0       2(50)    4(100)

Data are shown as n (%).
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